Objectives The aim of this study was to measure the degree of conversion (DC) of five dual-curing resin cements after different curing modes with a second-and a third-generation light-emitting diode (LED) curing unit. Additionally, irradiance of both light curing units was measured at increasing distances and through discs of two glass ceramics for computer-aided design/manufacturing (CAD/CAM). Materials and methods Irradiance and spectra of the Elipar FreeLight 2 (Standard Mode (SM)) and of the VALO light curing unit (High Power Mode (HPM) and Xtra Power Mode (XPM)) were measured with a MARC radiometer. Irradiance was measured at increasing distances (control) and through discs (1.5 to 6 mm thickness) of IPS Empress CAD and IPS e.max CAD. DC of Panavia F2.0, RelyX Unicem 2 Automix, SpeedCEM, BisCem, and BeautiCem SA was measured with an attenuated total reflectanceFourier transform infrared spectrometer when self-cured (negative control) or light cured in SM for 40 s, HPM for 32 s, or XPM for 18 s. Light curing was performed directly (positive control) or through discs of either 1.5-or 3-mm thickness of IPS Empress CAD or IPS e.max CAD. DC was analysed with Kruskal-Wallis tests followed by pairwise Wilcoxon rank sum tests (α=0.05).
Introduction
Generally, glass ceramic materials such as leucite-reinforced or lithium-disilicate glass ceramics result in tooth restorations with good clinical success [1] [2] [3] . Moreover, computer-aided design/manufacturing (CAD/CAM) systems enable a simplified (i.e. direct, chairside) fabrication of glass ceramic restorations. However, challenges remain when working with glass ceramics as they need to be adhesively cemented to the remaining tooth structure by use of resin cements. These resin cements can basically be divided in three categories: (1) etch-and-rinse adhesive resin cements (cements used after application of an etch-and-rinse adhesive system including separate acid etching), (2) self-etch adhesive resin cements (cements used after application of a self-etch adhesive system), and (3) self-adhesive resin cements ("selfadhering" cements used without application of any adhesive system) [4] . Etch-and-rinse as well as self-etch adhesive resin cements are well documented in literature and may be regarded as gold standards. However, the necessity for application of an adhesive system implies numerous pre-treatment steps of the tooth structure. These pretreatment steps are technique sensitive and susceptible to handling errors. An error during the pre-treatment or during the application of the resin cements may lead to extensive or total failure of ceramic tooth restorations [4] [5] [6] . In order to simplify adhesive cementation, a third category of resin cements has been marketed, the selfadhesive resin cements, which require no pre-treatment steps at all.
Some etch-and-rinse and self-etch adhesive resin cements and most self-adhesive resin cements offer a so-called dual-curing ability. This allows curing initiated by a light source (light curing) as well as an automatic curing (self-curing), initiated by the mixing of two pastes. Previous studies have shown that light curing of dual-curing resin cements generally leads to improved physico-chemical properties compared to self-curing alone, i.e. to better micromechanical properties (a higher surface hardness or elastic modulus) [7, 8] , or to a higher degree of conversion [9] . Improved physico-chemical properties are clinically related to e.g. a decrease in marginal wear or discoloration [10, 11] as well as an increase in biocompatibility [12, 13] . However, when light curing through ceramic materials, the irradiance (also called "light intensity" or "power density") of the light curing unit decreases with increasing thickness of the ceramic material [14] [15] [16] . Thus, the actual irradiance reaching the dual-curing resin cement underneath the ceramic material is reduced to various extents, depending on the irradiance of the light curing unit and the thickness as well as the type and opacity of the ceramic material. A decrease in irradiance might deteriorate the physico-chemical properties of dual-curing resin cements due to a reduced effect of light curing which might not be compensated by their (generally poorer) self-curing ability. However, not only the irradiance reaching the resin cements but also the light curing time is important for curing. The product of irradiance (mW/cm 2 ) and light curing time (s) is called radiant exposure (also called "energy density" or "energy dose"; J/cm 2 ). The radiant exposure consequently describes a simple reciprocal relationship: if irradiance is decreased, the light curing time must be increased [17] [18] [19] [20] . Clinically, there is a demand for shorter light curing times, and thus, manufacturers have continuously strived for increased irradiances of their light curing units [21] . Today, a majority of light curing units is based on the light-emitting diode (LED) technology with a single high-powered diode (secondgeneration LED curing units; blue diode, single peak). Second-generation LED curing units typically reach irradiances of 1,200 to 1,500 mW/cm 2 . The third-generation of LED curing units contains multiple diodes (violet/blue diodes, polywave), and recently a third-generation LED curing unit was marketed (VALO, Ultradent), which is claimed to reach irradiances of up to 3,200 mW/cm 2 depending on the chosen mode.
Literature is rather sparse as regards whether/to what extent (a) the degree of conversion (DC) of dual-curing resin cements is influenced by shorter light curing times with higher irradiances of a third-generation compared to a second-generation LED curing unit under near identical radiant exposures, and to what extent (b) the higher irradiances of a third-generation compared to a secondgeneration LED curing unit is transmitted through CAD/-CAM glass ceramic materials of increasing thickness. Therefore, the primary aim of this study was to measure and statistically analyse DC of one dual-curing, self-etch adhesive resin cement and four dual-curing, self-adhesive resin cements when cured according to 16 curing modes comprising self-curing (negative control), direct light curing (positive control), and light curing through discs of two different thicknesses of a leucite-reinforced and a lithium-disilicate glass ceramic material for CAD/CAM. Light curing was chosen to be performed with the second-generation LED curing unit Elipar FreeLight 2 and the third-generation LED curing unit VALO under near identical radiant exposures. For calculation of radiant exposures and as a secondary aim, irradiances of both light curing units were measured at increasing distances without any ceramic disc between the tip end of the light curing unit and the radiometer (i.e. through air, as control) as well as through discs of increasing thickness of the two glass ceramic materials, and the irradiances were descriptively analysed. Furthermore, spectra of the second-generation LED curing unit Elipar FreeLight 2 (blue) and the third-generation LED curing unit VALO (violet/blue) were measured for documentation.
The null hypothesis for measurement of DC was that all five resin cements would yield an equal DC regardless of the curing mode.
Materials and methods

Preparation of ceramic discs
One block of a leucite-reinforced glass ceramic material (IPS Empress CAD, size C14, shade LT A3; Ivoclar Vivadent, Schaan, Liechtenstein) and one block of a lithiumdisilicate glass ceramic material (IPS e.max CAD, size C14, shade LT A3; Ivoclar Vivadent) was used for the ceramic discs. The block of the IPS e.max CAD ceramic material was tempered in a Programat EP 5000 furnace (Ivoclar Vivadent) using the standard program recommended by the manufacturer (G9 Crystal/Glaze, program P81). From the two blocks of ceramic material, discs were cut using a low-speed diamond saw (IsoMet, Lake Bluff, IL, USA). The ceramic discs were then polished under water cooling on both sides with a polishing device (Leco VP 100; Leco Instrumente GmbH, Mönchengladbach, Germany) and silicon carbide papers (Leco abrasive discs; Leco) of descending grit size (#320 to #1200). During polishing, the thickness of the ceramic discs was monitored with a digital micrometer (Mitutoyo ID-U1025; Mitutoyo, Kawasaki, Japan). The discs were polished until the following thicknesses were reached (one ceramic disc per thickness of each of the two ceramic materials): 1.5, 3.0, 4.5, and 6.0 mm.
Measurement of irradiance and spectra
Irradiance and spectra were measured of the Elipar FreeLight 2 light curing unit (3M ESPE, Seefeld, Germany) in the Standard Mode and the VALO light curing unit (Ultradent, South Jordan, UT, USA) in the High Power Mode as well as in the Xtra Power Mode. Irradiance of the three modes was measured either without the ceramic discs (i.e. through air, as a control) at a distance of 0 mm and (using space holders) at increasing distances of 1, 2, 3, 4, 5, and 6 mm or with the ceramic discs of 1.5, 3, 4.5, and 6 mm thickness inserted between the light curing unit and the radiometer device. Five measurements per distance were made using a radiometer device (MARC Resin Calibrator, BlueLight Analytics Inc., Halifax, NS, Canada).
Spectra of the three modes were measured without the ceramic discs at a distance of 0 mm with the same radiometer device. 
Resin cements and curing modes
One dual-curing, self-etch adhesive resin cement (control) and four dual-curing, self-adhesive resin cements were used. Detailed information about the resin cements is listed in Table 1 . The self-etch adhesive resin cement (Panavia F2.0) was hand mixed according to the manufacturer's instruction with a 1:1 ratio of paste A and paste B. The four self-adhesive resin cements (in Automix syringes) were used with the mixing tips delivered by the manufacturers, and the first ∼1 cm of resin cement of each new Automix syringe was discarded. Resin cements which needed to be stored in the refrigerator were taken out 1 h before measurement of DC.
The five resin cements were cured according to 16 groups of curing mode listed in Table 2 . Self-curing of the self-etch adhesive resin cement Panavia F2.0 was either performed with addition of ED Primer II (group SC*) or without (group SC; Tables 1 and 2 ). When self-curing of Panavia F2.0 was performed with ED Primer II, liquid A and liquid B were mixed according to the manufacturer's instruction with a 1:1 ratio. A droplet of mixed ED Primer II was added to paste A and B of Panavia F2.0 with a probe and hand mixed. Light curing was performed either directly through a Mylar strip (positive control) or through the ceramic discs of 1.5-or 3-mm thickness. These two thicknesses were considered to be clinically most relevant.
Measurement of DC
To determine the DC, a plastic mould of 200 μm thickness was placed in a Fourier transform infrared (FTIR) spectrometer with an attenuated total reflectance (ATR) accessory (Nexus, Thermo Nicolet, Madison, WI, USA). The mould was then filled with one of the five resin cements (Table 1) and covered with a Mylar strip. The top side of the resin cement was made flush with the mould by use of a small glass slide. This slide was removed, and the resin cement was cured according to one of the 16 groups of curing mode previously described (Table 2) . Custom-made jigs had been made of n.a. not applicable (no further/detailed information of manufacturer available) Table 1 (continued) acrylic resin (Paladur, pink shade; Heraeus Kulzer, Hanau, Germany) in order to ensure that the ceramic discs and the tip end of the light curing units were placed in the same position in the FTIR measuring area for all specimens. Simultaneously to curing, real-time measurements were carried out with the FTIR spectrometer, and FTIR spectra were recorded for 20 min (when self-cured; groups SC* and SC) and 5 min (when light cured; groups EF, VH, and VX). For each of the five resin cements and 16 groups, six specimens were measured. The measuring area of the FTIR spectrometer was 800 μm in diameter, the wave number of the FTIR spectra ranged from 4,000 to 650 cm −1 , and the FTIR spectra were recorded with 2.36 spectra per second and two scans per spectrum at a resolution of 4 cm −1
(OMNIC Software, version 6.2; Thermo Nicolet). Measurement of DC was conducted at constant room temperature (20°C).
For Panavia F2.0, the variation in peak height ratio of the absorbance intensity of methacrylate carbon double bond peaks (at 1,637 cm −1 ) and of the absorbance intensity of aromatic carbon double bond peaks (at 1,608 cm −1 ) was assessed, and DC was calculated as follows: For the other four resin cements, no aromatic carbon double bond peaks could be assessed. Thus, the variation in peak height ratio of methacrylate carbon double bond peaks of the recorded FTIR spectra before and after curing was assessed for calculation of DC.
During self-curing and after light curing had been performed, the measuring area of the FTIR spectrometer including the resin cement specimen was covered with a black 
Results
Measurement of irradiance and spectra
For the Elipar FreeLight 2 light curing unit in the Standard Mode ( Fig. 1) without any ceramic disc, irradiance was 1,545 mW/cm 2 at 0-mm distance, and it gradually decreased to 599 mW/cm 2 at 6-mm distance. With the ceramic discs, the irradiance decreased through the 1.5-mm discs (for IPS Empress CAD/IPS e.max CAD) by 83.3 %/86.5 %, through the 3-mm discs by 95.5 %/96.8 %, through the 4.5-mm discs by 99 %/99.4 %, and through the 6-mm discs by 99.5 %/99.7 %. For the VALO light curing unit in the High Power Mode (Fig. 2) without any ceramic disc, irradiance was 1,869 mW/cm 2 at 0-mm distance. Irradiance at 1-and 2-mm distance was higher than at 0 mm, and then it gradually decreased to 1,066 mW/cm 2 at 6-mm distance. With the ceramic discs, there was no increase in irradiance: Compared to the irradiance without any ceramic disc at 0-mm distance, the irradiance decreased through the 1.5-mm discs (for IPS Empress CAD/IPS e.max CAD) by 82.3 %/85.8 %, through the 3-mm discs by 95 %/96.4 %, through the 4.5-mm discs by 98.9 %/99.3 %, and through the 6-mm discs by 99.5 %/99.7 %. Finally, for the VALO light curing unit in the Xtra Power Mode (Fig. 3) without any ceramic disc, irradiance was 3,505 mW/cm 2 at 0-mm distance. Irradiance at 1-and 2-mm distance was higher than at 0 mm, and then it gradually decreased to 2,072 mW/cm 2 at 6-mm distance. Compared to the irradiance without any ceramic disc at 0-mm distance, the irradiance decreased through the 1.5-mm discs (for IPS Empress CAD/IPS e.max CAD) by 81.9 %/85.8 %, through the 3-mm discs by 95 %/96.5 %, through the 4.5-mm discs by 98.9 %/99.3 %, and through the 6-mm discs by 99.5 %/99.7 %.
Spectra of both light curing units and the three modes are shown in Fig. 4 . The second-generation LED curing unit Elipar FreeLight 2 showed one distinct peak in the wavelength range of 440 to 460 nm. In both modes, the thirdgeneration LED curing unit VALO showed a distinct smaller peak around 400 nm and a slightly stretched higher peak in the wavelength range of 440 to 470 nm.
Measurement of DC
The nonparametrical ANOVA model with four fixed factors showed that all factors had a statistically significant effect on DC (p<0.0001). Kruskal-Wallis tests showed significant Table 2 for all resin cements and groups of curing mode.
When comparing DC of the five resin cements, Speed-CEM resulted in the highest DC, followed by BisCem and BeautiCem SA, and then by RelyX Unicem 2 Automix and Panavia F2.0. Within one resin cement, self-curing (group SC) led to significantly lower DC than did any of the curing modes involving light curing (groups EF, VH, and VX), with the exception of BeautiCem SA. For Panavia F2.0, self-curing with ED Primer II (group SC*) resulted in a significantly higher DC not only compared to self-curing without ED Primer II (group SC) but also compared to all groups involving light curing of Panavia F2.0. Generally, direct light curing through a Mylar strip (groups EF1, VH1, and VX1) did not lead to significantly higher DC compared to groups where light curing had been performed through a ceramic disc. Within one resin cement, Panavia F2.0, Speed-CEM, and BisCem generally showed no or only few significant differences in DC between the curing modes. For the other two resin cements (RelyX Unicem 2 Automix and BeautiCem SA), generally light curing through a 1.5-mm ceramic disc did not lead to a significant decrease in DC, but light curing through a 3-mm ceramic disc resulted in significantly lower DC. Finally, there were few differences between the two ceramic materials as to their effect on DC. . Irradiance (i.e. as power (mW) divided by area (cm 2 )) may vary depending on how it is measured. Beam profiles of light curing units are often inhomogeneous, the power being unequally distributed across the tip end. Thus, there are areas (centrically or circumferentially located) of higher power ("hot spots") and areas of lower power. If the power across the entire tip end is divided by the entire tip end area, the average irradiance will be lower than if the power of a hot spot is measured and divided by a smaller area. The sensor of the MARC radiometer has a diameter of 4 mm (area=0.13 cm 2 ) whereas the tip end of the Elipar FreeLight 2 has a diameter of 8 mm (area = 0.5 cm 2 ) and that of the VALO has a diameter of approximately 9 mm (area=0.64 cm 2 ). The tip end of both light curing units was centrally placed on the sensor of the MARC radiometer. Thus, the higher irradiance measured in the present study compared to the irradiance stated by the manufacturers may be the result of a high centric power of the light curing units in combination with the smaller detection area of the MARC sensor.
In the present study, the VALO light curing unit in the Xtra Power Mode and without any ceramic disc reached a maximum irradiance of 4,156 mW/cm 2 at 1-mm distance and an irradiance of 4,114 mW/cm 2 at 2-mm distance. These findings are in accordance with the irradiance measured with a MARC radiometer in a study of Price et al. in which Fig. 4 Spectra without ceramic discs at a distance of 0 mm for the Elipar FreeLight 2 light curing unit in the Standard Mode, the VALO light curing unit in the High Power Mode, and the VALO light curing unit in the Xtra Power Mode Fig. 3 Irradiance at increasing distances without ceramic discs as well as with the discs of the two ceramic materials for the VALO light curing unit in the Xtra Power Mode the VALO light curing unit reached 4,130 mW/cm 2 in the Xtra Power Mode at 2-mm distance [23] . In contrast to the irradiance of the Elipar FreeLight 2, the irradiance of the VALO light curing unit and without any ceramic disc initially increased for both curing modes. This may be explained by the fact that the VALO light curing unit is equipped with a lens which collimates the light beam. However, it is noteworthy that this initial increase in irradiance was extenuated when irradiance was measured through the ceramic discs. Both light curing units in all three modes showed a similar relative decrease in irradiance of more than 80 % when measured through ceramic discs of 1.5-mm thickness and of 95 % or more when measured through ceramic discs of 3-mm thickness. At a given thickness, the leucite-reinforced glass ceramic IPS Empress CAD resulted in a somewhat smaller relative decrease in irradiance than the lithium-disilicate glass ceramic IPS e.max CAD regardless of the mode of the light curing units. This smaller decrease is related to a higher translucency of leucite-reinforced compared to lithium-disilicate glass ceramic materials, which has previously been described as caused by differences in microstructure with less dense crystals in the leucite-reinforced compared to the lithium-disilicate glass ceramic [24] . With a different second-generation LED curing unit (Bluephase 16i, Ivoclar Vivadent), Koch et al. reported decreases in irradiance of 60 % through the leucite-reinforced glass ceramic ProCAD of 1-mm thickness and of more than 76 % through 2-mm discs. Through the lithium-disilicate glass ceramic Empress 2 of 1-mm thickness, the same authors reported higher decreases in irradiance of almost 90 and of 98 % through the 2-mm discs [15] , which resemble the decreases in irradiance of the present study. As regards spectra of the two light curing units, the Elipar FreeLight 2 light curing unit showed one distinct peak within a rather narrow spectrum, which is characteristic for secondgeneration LED curing units containing a single highpowered diode. The third-generation LED curing unit VALO contains four LEDs. One LED emits light with a wavelength of 405 nm, leading to the distinct, smaller peak around 400 nm. One LED emits light with a wavelength of 445 nm, and two LEDs emit light with a wavelength of 465 nm. The superimposition of these two peaks consequently led to the slightly stretched peak in the wavelength range of 440 to 470 nm.
Measurement of DC showed significant differences between the resin cements as well as significant differences between the curing modes within one resin cement. Thus, the null hypothesis that all five resin cements would yield equal DC regardless of the curing mode was rejected. When self-cured only, four of the five resin cements showed significantly lower DC compared to the curing modes involving light curing. BeautiCem SA was the only resin cement which yielded an equal DC when self-cured as when light curing was involved. It must be mentioned, though, that BeautiCem SA was not yet on the market when this study was initiated and thus, no literature data were available for comparison. In the self-curing mode, BeautiCem SA as well as SpeedCEM (which yielded a final DC of 56.4 %) reached a DC of around 5 % after the first 2 to 4 min with a subsequent, gradual increase in DC. This suggests either the content of highly efficient self-curing initiators or the content of few inhibitors in these two resin cements. In group SC, the three other resin cements (i.e. Panavia F2.0, RelyX Unicem 2 Automix, and BisCem) reached a DC of around 5 % only after the first 6 to 10 min with a rather slow subsequent increase in DC. In a previous study, DC of the conventional RelyX Unicem as well as BisCem was measured by micro ATR-FTIR for 10 min when self-cured and both RelyX Unicem as well as BisCem reached a DC of 11 % [9] . For both resin cements, this DC is in a similar range as the DC measured in the present study: After the first 10 min, RelyX Unicem 2 Automix reached a DC of around 15 %, which then increased to the final DC of 24.7 % after the measurement period of 20 min. BisCem reached a DC of around 8 % after the first 10 min, which then increased to the final DC of 18.9 % after 20 min. In another study by Tezvergil-Mutluay et al., DC of the conventional RelyX Unicem as well as Panavia F2.0 was measured by ATR-FTIR for 15 min when self-cured, and RelyX Unicem reached a DC of 28.7 % whereas Panavia F2.0 reached a DC of 27.9 % [25] , which is in accordance with the findings of the present study. Clinically and true to its category, Panavia F2.0 is used following application of a self-etch adhesive system (i.e. the ED Primer II). Thus, DC of an additional group of curing mode (group SC*) was measured for Panavia F2.0, mixed with ED Primer II. The accelerating effect of ED Primer has previously been described [8, 26] , and the addition of ED Primer II led to a DC that was markedly higher than the DC of the curing modes involving light curing of Panavia F2.0. In group SC*, Panavia F2.0 together with ED Primer II, showed a DC of around 5 % already after the first minute of self-curing.
For light curing of dental materials, there is a commonly assumed principle that similar radiant exposures lead to a similar total energy of light curing and thus to similar material properties. This principle is also known as the "total energy principle" or the "exposure reciprocity law" and is controversially discussed in literature. Whereas some studies have reported the exposure reciprocity law to be fulfilled (i.e. that similar radiant exposures with varying combinations of irradiance and light curing time lead to similar material properties) [18, 27] , other studies have criticised the validity of the exposure reciprocity law. Different (filler/matrix) compositions of light curing dental materials may have a more pronounced influence on material properties than radiant exposure [17] , and other authors have argued that irradiance and light curing time independently influence the curing process and consequently the material properties [19, 28, 29] . As regards light curing of the five resin cements in the present study, a higher irradiance generally did not result in significantly higher DC within a given resin cement. This may not be surprising because near identical radiant exposures were chosen and both irradiances and radiant exposures were very high, even with the Elipar FreeLight 2 in the Standard Mode. On the one hand, it might be of clinical interest to note that the light curing time was more than halved for the highest irradiance (i.e. 18 s for the VALO in the Xtra Power Mode) compared to the lowest irradiance (i.e. 40 s for the Elipar FreeLight 2 in the Standard Mode). On the other hand, both light curing times used for the VALO (i.e. the 32 s in the High Power Mode and the 18 s in the Xtra Power Mode) were longer than the actual light curing times stated by the manufacturer (8 to 12 s for the High Power Mode and 3 to 6 s for the Xtra Power Mode). Apart from this, however, direct light curing through a Mylar strip did not necessarily lead to significantly higher DC compared to groups where light curing had been performed through a ceramic disc. This mainly applied to Panavia F2.0, SpeedCEM, and BisCem. Within one of these three resin cements, no or only few significant differences between the curing modes were shown.
According to Ilie and Simon, these resin cements can be classified as resin cements with less sensitivity to the amount of light during light curing but with significant differences compared to self-curing alone. RelyX Unicem 2 Automix can be classified as a resin cement with higher sensitivity to the curing mode, with significant differences between self-curing and light curing as well as between the different groups involving light curing. BeautiCem SA can be classified as a resin cement with sensitivity to the amount of light during light curing but without differences between self-curing and light curing of lower irradiance (e.g. through the ceramic discs in the present study) [7] . This classification of the five resin cements was basically valid for both light curing units and corresponding modes. Unfortunately, limited manufacturers' information about the composition of resin cements hinders the interpretation of the above-mentioned classification. Finally, it must be noted that effects of post-curing of the resin cements (e.g. after 24 h or more) were not measured in the present study because of given technical specifications of the FTIR. Thus, a second study is currently in preparation in which the micromechanical properties (i.e. surface hardness as indirect determination of degree of conversion as well as elastic modulus) of the same resin cements and with the same curing modes are investigated after storage.
